Abstract-An experimental study was carried out to evaluate the performance of a polydimethylsiloxane (PDMS) based micromixer for heterogeneous immunoassays of insulin. The detection method is based on coupling the highly specific double-antibody sandwich immunoassay with the sensitive chemiluminescence of the Luminol-Hydrogen Peroxide reaction. Both the immune and chemiluminescence reactions are conducted in the micromixer, and the resultant light emission is detected by a highly sensitive photometer. The behavior of the luminol based chemiluminescence is parabolic with respect to time, and the maximum light intensity is used here to represent the output of the reaction. The current results indicate that at an actuation pressure of 15psi, an actuation frequency of 30Hz leads to the best reaction result. At these operating conditions, the detection limit of insulin is about 10 -14 mol/L while the total reaction time of the insulin immunoassay in the micromixer is less than 5 minutes.
INTRODUCTION
Diabetes mellitus is a condition when the body fails to regulate its sugar level properly. At present, blood sugar test is the most popular clinical diagnostic tool for diabetes but irregular blood sugar level, unfortunately, is not a good early indicator of diabetes. Previous studies have shown that insulin, connecting peptide (C-peptide), and interleukin-6 (IL-6) are better suited as early diagnostic immune indicators for the onset of diabetes [1] . Currently, the standard test methods for these indicators include enzyme-linked immunosorbent assay (ELISA), radioimmunoassay (RIA), and various chemiluminesence based techniques. These methods, while effective, are predominantly laboratory based and are not suitable for field testing which is becoming increasingly important for diabetes screening in the rural area of developing countries.
Microfluidic systems, with their advantages of low reagent consumption, short analysis time, high reliability and sensitivity, and multi-process integration, are one of the most promising techniques to replace the traditional diagnostic methods in diabetes screening [2, 3] . Studies have shown that microfluidic devices are effective in accurately measuring glucose related information of small fluidic samples [4] [5] [6] [7] . For example, Huang et al. [8] developed a microfluidic system consisting of glucose sensing electrodes, flow sensors and polydimethylsiloxane (PDMS)-based microfluidic pumps, valves and channels. Test results indicate the system is capable of performing a variety of biochemical processes including blood sample collection, glucose concentration detection and injection of insulin.
The present paper describes the development of a PDMS based micromixer for heterogeneous immunoassays of insulin. Based on clinical studies of diabetes detection and treatment, for the micromixer to be a viable device for early detection, the detection limit should be smaller than 10 -12 mol/L. Additionally, it is also desirable for the detection time to be significantly shorter than 20 minutes required by the traditional methods. In this paper, we first demonstrate the design and fabrication of the PDMS based micromixer. Then, a highly specific insulin detection technique based on coumpling the double-antibody sandwich immunoassay with the sensitive chemiluminescence of the Luminol-Hydrogen Peroxide reaction is described. Finally, the characteristics and performance of the micromixer for insulin detection are evaluated.
II. MIXER DESIGN AND FABRICATION PROCESS

A. Design
The micromixer is fabricated by micromolding and bonding of two PDMS layers to two matching glass cover slides. As demonstrated in Fig. 1a , the top PDMS layer contains a mixing chamber with two y-shaped inlets and one outlet. The diameter and depth of the mixing chamber are 2 mm and 100 μm, respectively. The bottom layer consists of six circular air chambers, each covered by a thin membrane. The six chambers are connected in series to each other through serpentine micro channels (Fig. 1b) . A miniature air compressor supplies compressed air to the air chamber through a miniature solenoid valve. The compressed air causes the membranes of the six circular air chambers to deflect sequentially with a fixed time delay, determined by the time required for air to move through the serpentine micro channels from one air chamber to the next. Deflection of the diaphragms generates fluid convection in the mixing chamber which leads to the desired mixing effect [9] . 
B. Fabrication Process
The simplified fabrication process flow of the micromixer is shown in Fig. 2 SU-8 molds were designed and fabricated for casting the two PDMS layers of the device using standard photolithography techniques. In this process, the SU-8 was first spin-coated and then patterned on a silicon substrate. Casting of PDMS microstructures was carried out by mixing the elastomer base and curing agent of Sylgard 184 in a ratio of 10:1 by weight and pouring the mixture uniformly to required thickness onto the SU-8 mold. This was followed by degassing the PDMS to remove air bubbles, thermal curing at 65 °C for 4 h on a hot plate and finally peeling off the cured PDMS to obtain the individual layer of the mixer. The height of the casted mixing chamber and the air chambers is 100 μm. To provide mechanical support the PDMS layers were combined with two glass slides. Here, the PDMS and the glass slides were first cleaned with a dilute HCl solution, rinsed and blown dried with nitrogen. The top and bottom layers of the PDMS and the glass slides were then permanently bonded together after a short oxygen plasma treatment of the bonding interface. As a last step, microfluidic connectors and tygon tubing were attached to the glass slides by epoxy glue.
III. MATERIALS AND METHODS
A. Materials
Superparamagnetic carboxyl-modified magnetic beads (CMMB) with a mean diameter of 8 ȝm and a saturation susceptibility >13.7 emu/g were purchased from Baseline (Tianjin, China). Insulin (antigen, >98%), insulin antibody (Rabbit Anti-Insulin polyclonal antibody), HRP labeled insulin antibody (polyclonal antibody) and horseradish peroxidase (HRP, purity RZ3.1, enzyme activity330 u/mg) were purchased from Biosynthesis (Beijing, China).
All solutions were prepared in deionized water. Luminol stock solution (0.01M) was prepared and stored in a dark cabinet at room temperature. Tris-HCl (0.01M) and phosphate buffer saline (PBS, 0.01M, pH7.4) were used as buffers to dilute the luminol stock solution and also the insulin and antibodies. Since HRP labeled antibody can bind to surfaces other than antigen (non-specific binding), bovine serum albumin (BSA, 0.05%) was used as a blocking agent to prevent non-specific binding, which is a significant source of background noise.
B. Methods
The magnetic bead based immunoassay for heterogeneous insulin detection is presented in Fig. 3 . Firstly, a 12.5 mg solution of the magnetic beads was suspended in 20 ȝl of EDAC (200 mg/ml) with 0.17 ml of MES, and was mixed by the End-over-End method for a few minutes to produce a polylink EDAC intermediate on the CMMB surface [10] . Then, the CMMB solution and 200 ȝg of the insulin's primary Abs were injected by syringes to the micromixer chip for conjugation. Finally, 2.89 ȝg of insulin and 272 ȝg of secondary Abs labeled with HRP was injected into the mixing chamber. A magnet, placed underneath the mixer chamber, provided a magnetic force that fixed the beads at the bottom of the chamber for washing the excess of the supernatant during t h e e x p e r i m e n t s . A f t e r t h e w a s h i n g s t e p , t h e bead-antibody-antigen-HRP-labeled antibody sandwich c o m p l e x w a s r e c o n s t i t u t e d . S u p e r s i g n a l E L I S A chemiluminescence reagent ~1 mL (970:1 mixture of Fig. 3 The principle of 'double-antibody sandwich immunoassay'. 0.01M Luminol and 30% (m/v) H 2 O 2 ) was added to initiate the chemiluminescence reaction. Under the condition of alkalescence and catalyzed by the HRP conjugated to the secondary insulin Abs, luminol can be rapidly oxidized by H 2 O 2 and emits light at a wavelength of ~425 nm, whose intensity is proportional to the quantity of the HRP. Since the insulin and its secondary Abs are a one-to-one conjugation, the amount of HRP connected to the secondary Abs is representative of the quantity of the insulin present. Fig. 4 presents a schematic illustration of the experimental setup for the chemiluminescence detection process. The tested solution is injected to the mixing chamber of the micromixer via two syringes. A mini air compressor (AIHUI, TC-108, China) is used to supply compressed air to the air chambers of the micromixer, while an electromagnetic valve (EMV, SMC Inc., S070M-5BG-32, Japan) and a pressure sensor (OMEGA, DPG1000B-100G, USA) are utilized to switch the compressed air on and off and monitor the air pressure, respectively. The air pulse produced by the control system deflects the diaphragms of the six air chambers in a sequence causing the reactions described in Fig. 3 to take place in the mixing chamber. Several important parameters, including the EMV driving frequency, the applied air pressure and the sample flow rate, can largely influence the performance of the PDMS micromixer. A photometer (RFL-1A, Remex Co., China) with a mean detection limit of 1.0×10 -9 g/ml (luminal-H 2 O 2 -Cr (III) system) is useded to detect the resulting chemiluminescence signals from the mixer chamber.
IV. EXPERIMENTAL RESULTS AND DISSCUSSCUTION
A. Experimental Setup
B. Experimental Results
Luminol can be oxidized by H 2 O 2 without any activators at room temperature. It is reported that the optimal concentrations of luminol and H 2 O 2 where the maximum light intensity can be obtained are 5.0 10 -4 mol/L and 7.5 10 -3 mol/L, respectively [11] . These concentrations were used in our experiments. Fig.   Fig. 4 Experimental setup for chemiluminescence detection. 5 demonstrates the variation of chemiluminescent light intensity with time using the above concentration conditions when the mixer's diaphragms are not actuated. The relationship is parabolic in nature and it takes about 1 minute for the light intensity to reach its peak value. The actuation frequency and air pressure are important parameters to determine the performance of the PDMS micromixer. The micromixer's mixing efficiency is directly related to the light intensity of the chemiluminescent reaction between the luminol and H 2 O 2 . The effect of different EMV driving frequencies on the performance of the micromixer is explored at an air pressure of 15psi and the results are shown in Fig. 6 . In the test, the frequency is varied from 0 to 50 Hz. As seen in the figure, the peak chemiluminescent light intensity increases with increasing driving frequency until about 30 Hz. Beyond this frequency, the peak intensity drops rapidly. From the 0 Hz (no actuation) to the 30 Hz case, light intensity increases almost six folds. This result verifies the need for active mixing when conducting the insulin immunoassay in a microfluidic system. Even though the chemiluminescent light intensity is not in a one-to-one relationship with the mixer's mixing efficiency, it is safe to say that the mixing efficiency is maximized when an actuation frequency of 30 Hz is used. The performance of the micromixer with respect to actuation frequency can be explained by the fill and release times of compressed air in the air chambers. When the frequency is low, the air chambers are filled completely and the diaphragms are allowed enough time to deflect completely. In this situation, mixing scales with the actuation frequency. However, when the frequency is high, the air chamber cannot be completely filled and released, mixing and hence the chemiluminescent light intensity decrease. The optimized actuation frequency of 30 Hz determined by our test corresponds to the smallest time scale related to the filling of the air chambers [12] . Fig. 7 shows the standard curve of insulin immunoassay realized in the mixer at the working parameters of 15 psi and 30 Hz. As indicated by the figure, the insulin concentration forms a linear relationship with the chemiluminescent light intensity while the concentration ranges from 0 to 8.18 10 -11 mol/L. Based on our result, the insulin detection limit of the micromixer is about 10 -14 mol/L. The total reaction time of the immunoassay in the micromixer is less than 5 minutes.
V. CONCLUSIONS
A PDMS based micromixer was designed and fabricated for heterogeneous immunoassays of insulin. The operational principle of the mixer which is controlled by a single EMV switch is based on the time-delay peristaltic actuation effect caused by the sequential deflection of PDMS diaphragms. The actuation frequency and air pressure are important parameters to the performance of PDMS micromixer. The current experimental results show that at an actuation pressure of 15 psi, an actuation frequency of 30 Hz leads to the best reaction result. At these operating conditions, the detection limit of insulin is about 10 -14 mol/L while the total reaction time of the insulin immunoassay in the micromixer is less than 5 minutes.
